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Properties
AbstrAct
Purpose: Assessment of loss in life time of the 14MoV6-3 steel primary steam pipeline material after long-term 
service under creep conditions.
Design/methodology/approach:  For  material  of  the  pipeline  after  long-term  service  the  microstructure 
investigations  in  a  scanning  electron  microscope,  phase  composition  analysis  of  precipitations,  hardness 
measurement at the point where structure was observed and mechanical testing at room temperature were carried 
out. In addition, the magnetic particle inspections and ultrasonic testing were carried out over the entire volume 
of the pipeline sample.
Findings: The life exhaustion extent of the investigated steel 14MoV6-3 estimated based on the metallographic 
tests is much higher than the expected one for the investigated steel at the current working parameters of the 
pipeline. Correct evaluation of the pipeline material condition during the periodic diagnostic testing, including 
but not limited to that performed by the matrix replica method, allows the excessive loss in life time of the 
material to be revealed and the reason for premature destruction of the pipeline components to be diagnosed 
and removed early enough.
Practical implications: The presented method can be used for evaluation and qualification of structural changes 
in power station boiler components operating under creep conditions.
Originality/value:  The  presented  results  of  changes  in  the  mechanical  properties,  structure  and  in  the 
precipitation processes are applied to evaluate the condition of the elements in further industrial service.
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1. Introduction 
 
The power units operated in Poland have exceeded the design 
work  time  in  90%.  This  time  is  based  on  the  creep-rupture 
strength  applied  for  calculations  and  determined  for  the  most 
common  design  time  of  100,000  hours.  The  possibility  of 
extending the service time above the design work time, frequently 
above 200,000 hours and recently even up to 350,000 hours, is the 
result  of  a  number  of  safety  factors  used  at  the  design  and 
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manufacturing  stage  [1-5].  These  factors  include,  but  are  not 
limited to: average temporary creep-rupture strength the real value 
of  which  can  be  higher  than  the  average  value  used  in 
calculations, real wall thickness which is much higher than the 
design one, and real working parameters which are most often 
lower than the adopted design parameters. With correct operation, 
reliable  control  diagnostics  and  economically  reasonable 
modernisation  works  on  the  power  units,  the  above-mentioned 
factors  allow  the  work  time  to  be  extended  much  beyond  the 
design one [6-12]. In practice, there may be excessive loss in life 
time during the operation of power boilers resulting in damage to 
an  element  or  structure  even  prior  to  the  lapse  of  their  design 
work  time.  As  it  results  from  long-standing  experience  of  the 
authors  of  this  study,  loss  in  life  time  is  mostly  caused  by 
incorrect  operation  of  the  pressure  equipment,  frequently  in 
combination  with  structural  defects,  whereas  a  failure  due  to 
excessive loss in life time is most often the result of unreliable 
periodical  diagnostics  of  the  boiler  pressure  components.  This 
prevents from early detection of reasons the removal or mitigation 
of which would affect the extension of life time. 
This study includes the evaluation of material condition and 
analysis of the reasons for cracking due to excessive loss in life 
time of the primary steam pipeline material. The successive stages 
of structural changes in steel 14MoV6-3 operating under creep 
conditions  are  presented  and  described  in  the  form  of  the 
developed classification [6]. 
According  to  the  authors’  knowledge,  the  examined  failure 
with complete loss of continuity of the steam pipeline’s primary 
material is the first case that occurred in the domestic commercial 
power industry. 
 
 
2. Structural changes in steel 14MoV6-3 
under creep conditions  
 
Long-term service of the pipeline elements operating under 
creep  conditions  bring  about  material  degradation  through  the 
structural  changes  which  in  consequence  result  in  reduction  in 
creep resistance, deterioration of the basic mechanical properties 
and shift of the brittle fracture appearance transition temperature 
to a higher one [13-19]. However, it does not make such elements 
be necessarily replaced by the new ones. In majority of cases, 
these  elements,  if  under  proper  supervision  of  the  diagnostic 
services,  may  operate  beyond  the  design  work  time,  which  is 
related to their residual life [5,6,9,10]. 
Steel 14MoV6-3 in initial state, i.e. before operation, may be 
characterised by the structure from ferritic-pearlitic with bainite 
content to ferritic-bainitic (Fig. 1).  
Long-term service of the pipeline elements at a temperature 
above the limit temperature Tg, i.e. under high-temperature creep 
conditions,  brings  about  structural  changes  resulting  in 
deterioration of their utility properties. These changes result from: 
x  decay of bainite/pearlite areas, 
x  development  of  carbide  precipitation  processes  (carbide 
transformations,  change  in  morphology  -  shape,  size  and 
distribution of the secondary phases, matrix impoverishment 
in alloying additions) [6,11]. 
 
 
 
 
 
 
Fig. 1. Structure of steel 14MoV6-3 (13HMF) in initial state 
 
The  dynamics  of  these  processes  to  a  significant  extent 
depends on reduced stresses and working temperature. With the 
assumption  of  relatively  stable  working  temperature  level,  the 
increase  in  stresses  above  the  assumed  design  ones  may cause 
decay  of  the  pearlite/bainite  areas  and  significant  increase  in 
precipitations, which in consequence may result in excessive loss 
 
in life time. The phase composition analysis of precipitations in 
the  investigated  steel  in  initial  state  after  normalisation  and 
tempering reveals the existence of M3C and  MC carbides, and 
sometimes  of  M2C.  During  the  operation  at  a  temperature 
exceeding the limit one, the type and form of carbides change 
with  the  increase  in  the  time  of  operation  as  follows: 
M3C+MC+M2C ĺ M3C+MC+M23C6+M2C ĺ MC+M23C6+M2C 
+ M6C. 
As a result of long-term service under creep conditions, the 
dispersive  M2C  phase  containing  significant  amounts  of 
molybdenum is formed in steel 14MoV6-3 (13HMF), and at the 
same  time  the  amount  of  M23C6  carbides  is  growing  with  the 
temperature  and  time  of  creeping.  In  the  initial  period  of 
operation,  the  structure  stability  is  observed  and  the  first 
noticeable  changes  concern  the  growth  and  amount  of  carbide 
precipitations  on  grain  boundaries  and inside  grains  as  well  as 
their coagulation. 
In the last period, long-term service of the investigated steel 
under  creep  conditions  result  in  permanent  and  irreparable 
destruction processes.  
 
 
 
 
Fig.  2.  Method  for  evaluation  of  structural  changes  in  steel 
14MoV6-3 working under creep conditions [2] 
The destruction process starts with nucleation of single voids, 
which are uniformly distributed in the degraded structure, most 
often  in  the  form  of  ferrite  with  carbides.  As  the  destruction 
process develops, there occurs the growth in the number of voids 
on grain boundaries, which in consequence leads to formation of 
small chains of voids. Next, intercrystalline crevices are formed, 
which  initially  include  one  grain.  Then  they  include  a  few  or 
several grains, thus initiating a catastrophic cracking of the entire 
material at the point where the highest stresses occur.  
The  method  for  evaluation  of  the  structure  condition  and  the 
methodology developed at the Institute for Ferrous Metallurgy for 
evaluation  of  steel  14MoV6-3  (13HMF)  operating  under  creep 
conditions are presented in Figs. 2 and 3, respectively. 
 
 
 
Fig. 3. Methodology for evaluation of structure and estimation of 
life exhaustion extent  of  steel 14MoV6-3  working  under  creep 
conditions [2] 
 
 
3. Research material 
 
The research material was the 14MoV6-3 steel primary steam 
pipeline  sample  after  service  with  the  following  parameters: 
design temperature To = 540°C, design pressure po = 14.3 MPa, 
for a period much exceeding the design work time. The sample 
photo with observed cracking is presented in Fig. 4.  
The  chemical  composition  of  the  investigated  material 
according  to  EN  10216-2:2002  +  A2:2007  is  summarised  in  
Table 1.  
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pipeline  sample  after  service  with  the  following  parameters: 
design temperature To = 540°C, design pressure po = 14.3 MPa, 
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Table 1. 
Chemical composition of material of the investigated sample of 14MoV6-3 steel primary steam pipeline after approx. 170,000 h service 
 
Chemical composition, % 
C  Si  Mn  P  S  Cr  Mo  Ni  Al  Cu  V  others
Check analysis  0.15  0.26  0.52  0.009 0.020  0.45  0.59  0.06  -  -  0.25   
to EN 10216-
2+A2:2007 
0.10 
0.15 
0.15 
0.35 
0.40 
0.70  0.025 0.020  0.30 
0.60 
0.50 
0.70  0.30  0.040  0.30  0.22 
0.28  - 
PN 85/H-84024 
1.)  0.10 
0.18 
0.15 
0.35 
0.40 
0.70  0.040 0.040  0.30 
0.60 
0.50 
0.65  -  -  -  0.22 
0.35   
Note: 1.) for steel 13HMF, which is the accurate equivalent for 14MoV6-3, upon system start-up 
 
 
 
Fig. 4. Fragment of the primary steam pipeline - longitudinal cracking, located on the straight connection pipe of elbow, with sampling 
areas indicated 
 
 
 
4. Research scope 
 
The following was carried out for assessment of loss in life 
time:  microstructure  investigations  in  a  scanning  electron 
microscope,  phase  composition  analysis  of  precipitations, 
hardness measurement at the point where structure was observed 
and  mechanical  testing  at  room  temperature.  In  addition,  the 
magnetic particle inspections and ultrasonic testing were carried 
out over the entire volume of the pipeline sample. 
 
 
5. Research results 
 
5.1.  Non-destructive tests 
 
Apart  from  the  section  with  visible  main  cracking  and 
numerous  macro-cracks  of  up  to  8  mm  in  depth,  the  NDTs, 
ultrasonic testing and magnetic particle inspections of the pipeline 
sample revealed neither longitudinal nor transverse discontinuities 
(Fig. 5). 
 
 
 
Fig. 5a. Results of magnetic particle inspections in cracking area 
on primary steam pipeline 
 
 
 
Fig. 5b. Results of magnetic particle inspections in cracking area 
on the primary steam pipeline 
 
5.2.  Mechanical testing  
 
The results of mechanical testing carried out in four areas cut out 
of  the  pipeline  sample  (Fig.  4)  are  summarised  in  Table  2. 
The material of the investigated pipeline in grade 14MoV6-3 does not 
comply with EN 10216-2:2002 + A2:2007 for material in initial state. 
The  highest  mechanical  properties  were  obtained  for  area  3,  in 
stretching  area  of  the  elbow,  where  the  investigated  material  only 
slightly  fails  to  meet  the  requirements  for  yield  point  at  room 
temperature  and  the  obtained  impact  energy  slightly  exceeds  the 
required level of 27 J adopted for nil ductility transition temperature. 
 
5.3.  Microstructure investigations 
 
The microstructural observations of the investigated material 
were conducted on metallographic microsections in 4 areas of the 
investigated pipeline sample. The microsections were prepared 
by  grinding  and  polishing  followed  by  etching.  The 
microstructure  investigations  were  carried  out  in  scanning 
electron microscope Inspect F at magnification of up to 5,000 
times.  The  examples  of  obtained  structure  images  of  the 
investigated material are presented in Figs. 6 and 7. Apart from 
the  cracking  area,  the  microstructural  observation  of  the 
investigated material in SEM at magnification of 5000x has not 
revealed  significant  differences  in  image  of  the  observed 
structure  within  the  examined  pipeline  sample  areas.  The 
measured  hardness  is  also  similar  for  the  examined  areas  and 
does not show significant differences. However, it differs from 
the characteristic structure of the investigated steel in initial state. 
The  observed  microstructure  includes  ferrite  with  very  fine 
carbide precipitations inside ferrite grains and with coagulated 
precipitations  at  grain  boundaries, mostly of large size, which 
form  chains  in  places.  In  the  cracking  area,  i.e.  area  2, 
discontinuities  in  the  form  of  micro-crevices  which  include 
boundaries of at least a few grains are visible, and with increase 
in the distance from cracking these micro-crevices include the 
boundaries of one grain. As the distance from cracking increases, 
there  occur  chains  of  voids  and  their  coalescence  through 
oriented voids to single voids is observed. 
 
Table 2. 
Mechanical properties of the investigated areas of sample of the 14MoV6-3 steel primary steam pipeline after approx. 160,000 h service 
Designation  YP, MPa  TS, MPa  A5, %  KV, J  HV10 
EN 10216-2:2002 +A2:2007  min 320  460-610  min 18  min 27  135-180 
Area 1  277  478  20  11  133 
Area 2  270  470  16  9  132 
Area 3  319  515  23  29  135 
Area 4  265  481  17  12  130 
 
a)                b) 
   
 
Fig. 6. Structure of investigated steel 14Mov63 after approx. 160,000 h service in the main primary steam pipeline: a) in area 3 - ferrite 
with carbide precipitations - the structure form similar to that observed in area 1, b) in area 4 - structure as above 
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Fig. 5b. Results of magnetic particle inspections in cracking area 
on the primary steam pipeline 
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Fig. 6. Structure of investigated steel 14Mov63 after approx. 160,000 h service in the main primary steam pipeline: a) in area 3 - ferrite 
with carbide precipitations - the structure form similar to that observed in area 1, b) in area 4 - structure as above 
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a)              b) 
   
 
c) 
   
 
Fig. 7. Structure of investigated steel 14Mov63 after approx. 160,000 h service in the main primary steam pipeline: a) in area 1 - ferrite 
with numerous fine precipitations inside grains and on grain boundaries and with coagulated precipitations of significant size which form 
chains in places, b) in area 2 with no internal damages - structure similar to that observed in area 1, but with higher dynamics of carbide 
precipitation processes, c) in area 2 with internal damages - ferrite with numerous carbide precipitations and intercrystalline crevices 
including from one to several grains 
 
 
According  to  the  Institute  for  Ferrous  Metallurgy’s  own 
classification, which describes the life exhaustion extent due to 
long-term impact of temperature and stress, the structure in the 
examined areas can be classified as follows: 
x  area of investigation marked as area 1, 3, 4 
 
Bainitic areas: class II; precipitations: class a/b; 
destruction processes: class 0/A 
MATERIAL CONDITION: CLASS 3/4; 
LIFE EXHAUSTION EXTENT: ~ 0,4-0,5 
Estimated disposable residual life  
tep ~ 40,000 hours 
Time until the next inspection max 10,000 h or 2 years for  
Te = 540°C and se = 55 MPa 
 
x  area of investigation marked as area 2 
Bainitic areas: class II; precipitations: class b; 
 destruction processes: class C 
MATERIAL CONDITION: CLASS 6;  
LIFE EXHAUSTION EXTENT: ~ 0.8-0.9 
 
5.4. X-ray phase composition analysis  
 
During the operation of low-alloy Cr-Mo-V steels above the 
limit temperature, there occur changes in matrix structure, which 
include decay of bainite and changes in amount, size, shape and 
type of precipitated carbides, depending on chemical composition 
and  initial  structure  of  the  steel.  Thus,  the  occurrence  of 
individual types of carbides is related to the degree of material 
degradation.  The  qualitative  phase  analysis  allows  carbides 
isolated from steel to be identified and assessed for their contents. 
 
The isolation process was carried out in 5% aqueous solution of 
hydrochloric acid, at current density of 10 mA/cm2. The duration 
of isolation was 48 hours. The isolate was cleaned by repeated 
rinsing in distilled water and ethyl alcohol. After each rinse, the 
isolate was centrifuged. The last stage was drying at 45°C for 24 
hours.  The  isolates  were  made  from  material  in  areas  of  the 
primary steam pipeline selected for tests, marked as area 1 and 2. 
The X-ray diffractograms of isolates were obtained on Philips PW 
1140  diffractometer,  using  cobalt  radiation  with  graphite 
monochromator  on  the  diffracted  beam  side.  The  qualitative 
analysis  of  carbide  precipitations  was  carried  out  based  on 
standard roentgenographic data from the International Centre for 
Diffraction Data database. 
Phase composition of precipitations is summarised in Table 3. 
 
Table 3. 
Phase composition of carbides in material of the 14MoV6-3 steel 
pipeline after long-term service under creep conditions 
Area of investigation  Phase composition of isolates 
Area 1 
M23C6 + MC + M7C3 + Fe3C + 
Mo2C 
Area 2  MC+M23C6 
+M2C + M6C 
 
 
6. Analysis of research results 
 
The mechanical testing in selected areas of the investigated 
primary steam pipeline sample has revealed that its material does 
not  meet  the  requirements  for  steel  14MoV6-3  in  as-received 
state, except for area 3 where the obtained test results are similar 
to that complying with the minimum requirements for initial state. 
However, it does not mean that the investigated material is not 
useful for further service, as for materials working above the limit 
temperature,  i.e.  under  creep  conditions,  the  elements  are 
designed  according  to  the  values  of  permissible  stress  k 
determined based on average temporary creep strength Rz/t/T or 
creep limit Rx/t/T for the design work time. 
Apart from the area of cracking, the structural investigations 
have revealed significant structure degradation with regard to the 
current work time. The observed microstructure includes ferrite 
with  fine  carbide  precipitations  inside  ferrite  grains  and 
coagulated  precipitations  of  significant  size  at  ferrite  grain 
boundaries.  Such  a  structure  indicates  an  accelerated  creeping 
process  which  results  in  formation  of  single  voids  and  their 
coalescence in the final stage, forming a characteristic system of 
crack  chains  which  initially  include  one  grain.  Next,  the 
intercrystalline cracks occur including the boundaries of several 
grains, and this is the reason for cracking of the entire material as 
a result of intensive creep process in the investigated steel.  
The obtained results, in particular those related to structural 
changes,  show  incorrect  long-term  service  of  the  analysed 
pipeline sample. Probably, one of the reasons for cracking was 
improper influence of fastenings, which resulted in exceeding the 
admissible  stresses  and  occurrence  of  their  maximum 
concentration  in  area  2,  thus  leading  to  cracking.  The  current 
experience in evaluation of condition of the material for critical 
elements of boilers also allows to find out that diagnostics of the 
technical condition of the investigated pipeline during the planned 
inspections  and  diagnostic  testing  was  improper.  The  observed 
life exhaustion extent of the material based on the metallographic 
tests is much higher than the expected structure condition for the 
investigated  steel  at  the  current  working  parameters  of  the 
pipeline.  Correct  evaluation  of  the  pipeline  material  condition 
during the periodic diagnostic testing, including but not limited to 
structural investigations by the matrix replica method, allows the 
excessive loss in life time of the material to be revealed and the 
reason for premature destruction of the pipeline components to be 
diagnosed and removed early enough. 
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